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QDQRFDYLW\IURPDWRSGRZQDQGEVLGHYLHZV)'7'VLPXODWLRQRIWKHQDQRF\OLQGHUFDYLW\ILHOGLQWHQVLW\_([_IRUWKH[SRODUL]HG7(ZDYHJXLGHPRGHYLHZHGLQWKHQDQRF\OLQGHUFURVVVHFWLRQFDQGDORQJWKHQDQRF\OLQGHUD[LVG
6WUXFWXUHDQGPRGHOLQJRIWKHK\EULGPHWDOGLHOHFWULFQDQRFDYLW\
2XUQDQRFDYLW\FRQVLVWVRIDGLHOHFWULFQDQRSLOODUVXUURXQGHGE\DPHWDOOLFILOPRQDOOVLGHVEXW
OHIW EDUH RQ WKH WRS VXUIDFH DV VKRZQ LQ )LJV D DQG E 7KLV QDQRSLOODU EHKDYHV DV D
F\OLQGULFDO ZDYHJXLGH ZLWK JXLGHG 7( DQG 70 PRGHV WKDW DUH FRQILQHG YHUWLFDOO\ E\ DQ
LPSHGDQFH PLVPDWFK EHWZHHQ WKH DLU ZDYHJXLGH DQG XQGHUO\LQJ VXEVWUDWH 7KLV PLVPDWFK
JLYHVULVHWRDZHDN)DEU\3HURWHIIHFWWKDWOHDGVWRDVWDQGLQJZDYHLQWKHYHUWLFDOGLUHFWLRQ
8VLQJWKHILQLWHGLIIHUHQFHWLPHGRPDLQ)'7'PHWKRGZHVLPXODWH WKHIXQGDPHQWDO7(
QDQRF\OLQGHUPRGHRID*D$VQ QDQRSLOODUZLWKU QPDQGK QPWKDW LV
VXUURXQGHGE\D$J>@ILOPDVVKRZQLQ)LJVFDQGG:HQRWHWKDWWKHLQSODQHILHOG
SURILOH PLPLFV WKDW RI WKH WH[WERRN F\OLQGULFDO ZDYHJXLGH ZKLOH WKH YHUWLFDO SURILOH
GHPRQVWUDWHVFRQILQHPHQWLQWKHWRSKDOIRIWKHSLOODUDVH[SHFWHGJLYHQWKHVPDOOHULPSHGDQFH
PLVPDWFKEHWZHHQWKHHIIHFWLYHLQGH[RIWKHZDYHJXLGHDQGDLU7KHSLOODUVXSSRUWVGHJHQHUDWH
Öx DQG Öy SRODUL]HG7(ZDYHJXLGHPRGHVEXWZHFRQFHQWUDWHRXUHQVXLQJGLVFXVVLRQRQRQH
SRODUL]DWLRQ )LQLWHGLIIHUHQFH WLPHGRPDLQ VLPXODWLRQV VKRZ WKDW WKH QDQRFDYLWLHV SRVVHVV
UHVRQDQFHVZLWKRSWLPDOTXDOLW\IDFWRU4aDQGXOWUDVPDOOPRGHYROXPHV a    V nO
DWWKHHPLVVLRQZDYHOHQJWKDFFRUGLQJWR          PD[  r rV E r dV E rZH ZHZ Z
w wª º « »w w¬ ¼³³³ & && &
>@
$4(HPEHGGHGZLWKLQWKHQDQRFDYLW\PD\GHFD\YLDHPLVVLRQRIDSKRWRQSRODUL]HGLQWR
HLWKHURIWKHRUWKRJRQDO7(QDQRF\OLQGHUPRGHV0RUHRYHUWKHVSRQWDQHRXVHPLVVLRQUDWHLV
HQKDQFHGIURPWKHEXONUDWHGXHWRWKHHQKDQFHGGHQVLW\RIRSWLFDOVWDWHV3XUFHOOHIIHFW7KH
FDYLW\H[KLELWVDPD[LPXPDFKLHYDEOH3XUFHOOIDFWRU  a p Bulk CavityF W W DFFRUGLQJWRWKH
H[SUHVVLRQ



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§ · § · ¨ ¸ ¨ ¸© ¹© ¹ ZKLFKDJUHHVZLWKWKH)'7'VLPXODWLRQLQ)LJ,QWKLV
FDVHDSSOLFDWLRQRIWKHGLSROHDSSUR[LPDWLRQLVYDOLGGHVSLWHWKHVPDOOVL]HRIWKHFDYLW\VLQFH
WKHJUDGLHQWRIWKHILHOGDWWKH4'SRVLWLRQLVQHJOLJLEOHZKHQQHDUWKHILHOGPD[LPXP>@


)LJ  )'7' VLPXODWLRQ RI 3XUFHOO IDFWRU DV D IXQFWLRQ RI HPLVVLRQ
ZDYHOHQJWK IRU DQ U    QP K    QP FDYLW\ GHPRQVWUDWLQJ DQ
DSSUR[LPDWH4a
,QSUDFWLFHVROLGVWDWH4(VFDQVSHFWUDOO\FRYHUDZLGHUDQJHRIERWKWKHYLVLEOHDQGQHDU
LQIUDUHGUHJLPHVRIWKHHOHFWURPDJQHWLFVSHFWUXP,QDGGLWLRQHPLWWHUVFDQEHVSDWLDOO\ORFDWHG
DWDUELWUDU\GHSWKVLQWKHLUKRVWVXEVWUDWHVEXWRQO\LQWKHFDVHRIJURZWKSURFHVVHVDOORZLQJIRU
SUHFLVHFRQWURORIGHSWKVXFKDVPROHFXODUEHDPHSLWD[\)RUVWURQJOLJKWPDWWHULQWHUDFWLRQ
WKHQDQRFDYLW\PXVWEHGHVLJQHGVXFKWKDWWKHIXQGDPHQWDOPRGHLVERWKVSHFWUDOO\DOLJQHGZLWK
WKHHPLWWHU¶VRSWLFDOWUDQVLWLRQDQGVSDWLDOO\FRQFHQWUDWHGVXFKWKDWWKHILHOGPD[LPXPOLHVDW
WKHHPLWWHU¶VORFDWLRQ,QRUGHUWRVDWLVI\WKHVHFRQGLWLRQVIRUDQDUELWUDU\HPLWWHUZHSUHVHQW
GHWDLOHG )'7' VLPXODWLRQV VKRZLQJ WKH PRGHGHSHQGHQFH RQ NH\ JHRPHWULF IHDWXUHV
QDQRSLOODUUDGLXVDQGKHLJKW
)LUVWZH LQYHVWLJDWH WXQLQJRI WKHUHVRQDQFHDVDIXQFWLRQRI WKHQDQRSLOODU UDGLXV7KH
UHVRQDQFHGUDPDWLFDOO\UHGVKLIWVIRULQFUHDVLQJUDGLXVFRQVLVWHQWZLWKDQLQFUHDVLQJZDYHJXLGH
HIIHFWLYHLQGH[DVVKRZQLQ)LJD+HQFHVPDOOUDGLXVPRGLILFDWLRQVFDQEHXWLOL]HGDVD
FRDUVH DGMXVWPHQW IRU VSHFWUDO DOLJQPHQW 7KH UDGLXV FDQ EH DUELWUDULO\ VPDOO EXW ZLOO EH
SUDFWLFDOO\OLPLWHGE\IDEULFDWLRQFRQVWUDLQWVDQGTXHQFKLQJRIHPLWWHUVLIWKH\DUHSRVLWLRQHG
WRRFORVHWRLQWHUIDFHV2QWKHRWKHUKDQGZHQRWHWKDWEH\RQGDSDUWLFXODUUDGLXVWKDWGHSHQGV
RQWKHVSHFLILFPDWHULDOV\VWHPWKHKLJKHURUGHUF\OLQGULFDOZDYHJXLGHPRGHVZLOOEHDERYH
FXWRIIDQGKHQFHWKHQDQRFDYLW\ZLOOHQWHUWKHXQGHVLUHGPXOWLPRGHUHJLPH2SHUDWLRQLQWKH
KLJKHURUGHUPRGHUHJLPHUHVXOWVLQDQHQODUJHGPRGHYROXPHDQGKDVWKHSRWHQWLDOWRVKLIWWKH
VSDWLDOILHOGPD[LPXPRIIRIWKH4(WDUJHWGHSWK
:H WKHQSHUIRUPDVLPLODUDQDO\VLVE\YDU\LQJSLOODUKHLJKW LQ)LJE9DU\LQJSLOODU
KHLJKWFDQEHXWLOL]HGIRUHPLWWHUVSDWLDODOLJQPHQWLQWKHYHUWLFDOGLUHFWLRQJLYHQWKDWWKHILHOG
LVFRQILQHGWRWKHWRSKDOIRIWKHSLOODU+HQFHDWDOOHUSLOODUPD\EHXVHGIRUHPLWWHUVWKDWDUH
GHHSHULQWRWKHVXEVWUDWHDQGYLFHYHUVD6SHFWUDOO\ZHREVHUYHDUHGVKLIWIRULQFUHDVLQJKHLJKW
ZKLFKLVFRQVLVWHQWZLWKLQFUHDVLQJWKHOHQJWKRID)DEU\3HURWFDYLW\LQOLQHZLWKRXULQWXLWLYH
PRGHO7KLVUHGVKLIWLVOHVVSURQRXQFHGWKDQIRUDQHTXLYDOHQWFKDQJHLQSLOODUGLDPHWHUDQG
WKHUHIRUHFDQEHFRQVLGHUHGDILQHUDGMXVWPHQWIRUVSHFWUDODOLJQPHQW5HDOLVWLFDOO\WKHSLOODU
KHLJKWFDQRQO\EHDVVPDOODVWKHGLDPHWHURIWKHSLOODUJLYHQWKDWWKH)DEU\3HURWWHUPLQDWHG
ZDYHJXLGHSLFWXUHEUHDNVGRZQEHORZD DVSHFW UDWLRDQG WKHQDQRFDYLW\ZLOO QR ORQJHU
VXSSRUWF\OLQGULFDOZDYHJXLGHPRGHV2QWKHRWKHUKDQG WKHKLJKDVSHFWUDWLRVUHTXLUHGIRU
LQFUHDVHGSLOODUKHLJKWVSUHVHQWLQFUHDVHGGHPDQGVRQPXOWLSOHVWHSVLQWKHIDEULFDWLRQSURFHVV
LQFOXGLQJWKHHWFKDQGPHWDOOL]DWLRQ


)LJ)'7'SDUDPHWHUVWXG\RIDSLOODUUHVRQDQFHVDVDIXQFWLRQRIUDGLXVUIRUSLOODUKHLJKWK QPDQG
EDVDIXQFWLRQRISLOODUKHLJKWKIRUDIL[HGSLOODUUDGLXVU QP7KHVHUHVXOWVGHPRQVWUDWHFDYLW\UHVRQDQFH
VKLIWDVDIXQFWLRQRIWKHSLOODUSDUDPHWHUVLQOLQHZLWKWKHLQWXLWLYHGHVFULSWLRQRIWKHQDQRFDYLW\DVD)DEU\3HURW
WHUPLQDWHGF\OLQGULFDOZDYHJXLGH+HUH UHIUDFWLYH LQGH[RI WKHSLOODU LVQ FRUUHVSRQGLQJ WR*D$VDWD
WHPSHUDWXUHRI.LQ WKHVWXGLHGZDYHOHQJWKUDQJHDQG WKHSLOODUFRDWLQJ LV$JZLWKUHIUDFWLYH LQGH[IURP
RSWLFDOFRQVWDQWGDWD>@
7KHUHIRUH WKHUH H[LVWV D WUDGHRII EHWZHHQ PDLQWDLQLQJ WKH GHVLUHG HOHFWURPDJQHWLF
ODQGVFDSHDQGDOORZLQJIRUDGHVLJQWKDWFDQEHIDEULFDWHGUHOLDEO\'HVSLWHWKLVWUDGHRIIWKHUH
UHPDLQVDODUJHSDUDPHWHUVSDFHRIUDGLLDQGKHLJKWVWKDWFDQEHWDLORUHGWRDQHPLWWHURILQWHUHVW
DVHYLGHQFHGDERYH
5HVXOWVDQG'LVFXVVLRQ
3.1 Nanofabrication strategies and challenges 
7KH SURRIRIFRQFHSW VWUXFWXUH LV UHDOL]HG LQ WKH ZHOOHVWDEOLVKHG ,Q$V*D$V TXDQWXP GRW
SODWIRUP2XU4(LVDERXQGHOHFWURQKROHSDLUQHXWUDOH[FLWRQ;FRQILQHGLQDVHOIDVVHPEOHG
,Q$V TXDQWXP GRW JURZQ E\ WKH 6WUDQVNL.UDVWDQRY SURFHVV LQ D PROHFXODU EHDP HSLWD[\
V\VWHP,QGLYLGXDO,Q$VTXDQWXPGRWVDUHURXJKO\aQPLQODWHUDOFURVVVHFWLRQDQGDERXW
QPWDOODQGDUHORFDWHGaQPEHORZWKHWRSVXUIDFHRIWKH*D$VZDIHU:HQRWHWKDWWKLV
SURFHVVFDQEHDGDSWHGWRDQ\PDWHULDOV\VWHPWKDWH[KLELWV4(VSURYLGHGDUHOLDEOHDQLVRWURSLF
HWFKUHFLSHH[LVWV
7KHPHWDOGLHOHFWULFQDQRFDYLW\ LVGHILQHG LQ WKH*D$VZDIHUXVLQJDN9HOHFWURQ
EHDPOLWKRJUDSK\V\VWHP-(2/)6DQGDSURFHVVEDVHGRQDQHJDWLYHWRQHHOHFWURQ
EHDPUHVLVWPD17KHKLJKDFFHOHUDWLRQYROWDJHDOORZVIRUUHVROXWLRQRIFLUFXODUSLOODUV
ZLWK GLDPHWHUV DV ORZ DV  QP GXH WR PLQLPDO IRUZDUG VFDWWHULQJ LQ WKH UHVLVW OD\HU 7KH
QHJDWLYHWRQHSURFHVVDOORZVIRUIDVWDQGFRPSDFWH[SRVXUHRIGHYLFHVRQDFKLSPLQLPL]LQJ
GHOHWHULRXVEDFNZDUGVVFDWWHULQJWKDWFDQOHDGWRRYHUH[SRVXUH7KHGHYLFHVDUHH[SRVHGLQD
SHULRGLFSDWWHUQDQGDOLJQWRUDQGRPO\SRVLWLRQHG4'VLQDSXUHO\VWRFKDVWLFPDQQHU
7KH UHVLVWSDWWHUQ LV WUDQVIHUUHG WR WKHGHYLFH OD\HUZLWKDQ LQGXFWLYHO\FRXSOHGSODVPD
UHDFWLYHLRQHWFKSURFHVV2[IRUG,QVWUXPHQWV3ODVPD3UR7KHGHYLFHVDUHHWFKHGXVLQJ%&O
DWDIORZUDWHRIVFFPDQG$UDWDIORZUDWHRIVFFPZLWKDFKDPEHUSUHVVXUHRIP7RUU
DQGGULYLQJSRZHUVRI:RI5)SRZHUDQG:RI,&3SRZHU7KLVEDODQFHRISK\VLFDO
DQGFKHPLFDOHWFKLQJUHVXOWVLQDKLJKO\YHUWLFDOVLGHZDOOHWFKSURILOHDVVKRZQLQ)LJD


)LJD&RORUL]HG6(0PLFURJUDSKRIDEDUHSLOODUZLWKUHVLVWPDVNUHPRYHGWRVKRZWKHYHUWLFDOHWFK
SURILOH)RUDFWXDOGHYLFHV WKHUHVLVWPDVNLVXVHGWROLIWRIIPHWDODIWHU WKHDQJOHGURWDWLRQDOGHSRVLWLRQ
SURFHVVOHDYLQJDQXQFDSSHGSLOODUWKDWLVVXUURXQGHGE\PHWDOLQVHWRIDE_([_RIDSLOODUZLWKDQPDLUJDSWRWKHPHWDOZDOOVKRZLQJILHOGORFDOL]DWLRQLQWKHJDSZLWKDQ6(0PLFURJUDSKRIDIDEULFDWHG
SLOODUZLWKVWDQGDUGWRSGRZQPHWDOGHSRVLWLRQWKDWH[KLELWVWKHDLUJDSLQVHWRIE
7KHQDQRFDYLW\UHTXLUHVDVXUURXQGLQJ$JILOPWKDWFRQIRUPDOO\FRDWVWKHVLGHZDOOVRIWKH
SLOODU7KHSUHVHQFHRIDQ\DLUJDSEHWZHHQPHWDODQGGLHOHFWULFSUHFOXGHVWKH7(PRGHDQG
OHDGV WRILHOG ORFDOL]DWLRQ LQDLUDQGKHQFHGLPLQLVKHG LQWHUDFWLRQZLWKHPEHGGHGVROLGVWDWH
4(VDW WKHLU IUHTXHQFLHVRIHPLVVLRQDVVKRZQ LQ)LJE&RQYHQWLRQDOHOHFWURQEHDPRU
WKHUPDO PHWDO HYDSRUDWLRQ FDQQRW VDWLVI\ WKLV UHTXLUHPHQW DV LW LV DQLVRWURSLF DQG KHQFH
H[SHULHQFHVDVHOIVKDGRZLQJHIIHFWDVPHWDODFFXPXODWHVRQWKHUHVLVWPDVNXVHGIRUOLIWRIIDV
VKRZQLQ WKHLQVHWRI)LJE)RU WKLVUHDVRQDFRPPRQVWUDWHJ\LQRWKHUPHWDOGLHOHFWULF
GHYLFHVLVWRUHPRYHWKHUHVLVWPDVNEHIRUHFDSSLQJWKHHQWLUHGHYLFHLQDPHWDOILOP+RZHYHU
WKLV FRUUHODWHV ZLWK GUDVWLFDOO\ UHGXFHG H[WUDFWLRQ HIILFLHQFLHV GXH WR FROOHFWLRQ WKURXJK WKH
VXEVWUDWH+HUHZHGHYLVHDQGGHPRQVWUDWHDQDSSURDFKWRFRQIRUPDOO\FRDWWKHVLGHZDOOVRID
SLOODUZLWKRXWFRDWLQJWKHWRSWRDOORZIRUVXUIDFHHPLVVLRQ:HHYDSRUDWH$JXVLQJDFXVWRP
HOHFWURQEHDPPHWDOHYDSRUDWLRQV\VWHPWKDWXQLTXHO\DOORZVIRUURWDWLRQDERXWDQD[LVWKDWFDQ
WLOWDORQJZLWKWKHVXEVWUDWH:HHYDSRUDWHRQWRHWFKHGGHYLFHVWKDWDUHURWDWLQJDERXWDQD[LV
WLOWHGDWDOORZLQJIRUPHWDOWRDFFXPXODWHGLUHFWO\RQWKHZDOOVRIWKHSLOODUDVVKRZQLQ
)LJ D )LQDOO\ WKH UHPDLQLQJ UHVLVW PDVN FDQ HDVLO\ EH UHPRYHG XVLQJ QPHWK\O
S\UUROLGRQHLQDQXOWUDVRQLFEDWK
:HQRWHWKDWIRUDQ\GHYLFHZLWKDYHUWLFDOVLGHZDOODQGDKLJKDVSHFWUDWLRPHWDOFRDWLQJ
ZLWKHYDSRUDWLRQRUVSXWWHULQJZLOOOLNHO\UHVXOWLQYRLGVGXHWRWKHDIRUHPHQWLRQHGVKDGRZLQJ
SKHQRPHQRQ HYHQ IRU IXOO\ HPEHGGHG VWUXFWXUHV :H SURSRVH WKDW RXU VFKHPH IRU DQJOHG
URWDWLRQDOGHSRVLWLRQEHXVHGIRUDQ\GHYLFHUHTXLULQJDFRQIRUPDOPHWDOFRDWLQJ
3.2 Optical characterization and photon statistics measurements 
)RUWKHIROORZLQJPHDVXUHPHQWVWKH,Q$VTXDQWXPGRWLVFRQWDLQHGZLWKLQD*D$VQDQRSLOODU
RIUDGLXVUa±QPDQGKHLJKWKaQPWKDWLVVXUURXQGHGE\D$JILOP7KH4'LV
ORFDWHGDWDORFDOILHOGLQWHQVLW\RI  maxE E  GXHWRVXERSWLPDOYHUWLFDOSRVLWLRQLQJ7KH
PHDVXUHPHQWVDUHWDNHQLQDQRSHQIORZKHOLXPFU\RVWDWDWDWHPSHUDWXUHRI.WKRXJKZH
QRWHWKDWWKLVSODWIRUPFDQHDVLO\EHH[WHQGHGWRURRPWHPSHUDWXUHRSHUDWLRQJLYHQD4(WKDW
PDLQWDLQVHOHFWURQFRQILQHPHQWDWKLJKWHPSHUDWXUHV


)LJ D5HSUHVHQWDWLYHSKRWROXPLQHVFHQFHVSHFWUXPRIDQDQRFDYLW\FRQWDLQLQJDVLQJOHTXDQWXPGRW7KH
VLQJOHH[FLWRQ;OLQHLVKLJKOLJKWHGIRUFRXSOLQJWRWKHQDQRPHWDOOLFFDYLW\;FEODFNDQGDUHIHUHQFHEDUHSLOODU;SJUHHQWKDWDUHRIIVHWKRUL]RQWDOO\QPDQGYHUWLFDOO\DUELWUDU\IRUFODULW\E7RWDOQXPEHURIVLQJOHSKRWRQVFROOHFWHGSHUVHFRQGEODFNFLUFOHVIRUTXDVLUHVRQDQWH[FLWDWLRQRIWKHH[FLWRQOLQH;F7KHKRUL]RQWDOD[LVFRUUHVSRQGVWRLQFLGHQWSRZHUPHDVXUHGEHIRUHWKHREMHFWLYHOHQVDQGWKHVRXUFHLVH[FLWHGZLWKSXOVHVDW
DQ0+]UHSHWLWLRQUDWH7KHGDWD LV ILW WRDVDWXUDWLRQPRGHOGDVKHGUHG OLQH F ,QWHQVLW\DXWRFRUUHODWLRQ
JĲPHDVXUHPHQWVILOWHUHGRQWKHVLQJOHH[FLWRQOLQHZHOODERYHVDWXUDWLRQSRZHUVVKRZVWURQJSKRWRQDQWL
EXQFKLQJG)OXRUHVFHQFHGHFD\PHDVXUHPHQWVEODFNFLUFOHVZLWKDQH[SRQHQWLDOGHFD\ILWUHGOLQHWDNHQZLWK
DVWUHDNFDPHUDIRUDQH[FLWRQOLQHLQDK\EULGPHWDOGLHOHFWULFQDQRFDYLW\VKRZLQJIROGHQKDQFHPHQWLQWKH
UDGLDWLYHGHFD\UDWHVSRQWDQHRXVHPLVVLRQRYHUDQH[FLWRQOLQHLQDEDUHSLOODULQVHW
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5RXJKO\RQHLQWHQIDEULFDWHGFDYLWLHVH[KLELWVPXOWLSOHHPLVVLRQOLQHVIURPDYDULHW\RI
4'VWDWHVLQFOXGLQJWKHQHXWUDOH[FLWRQ;FKDUJHGH[FLWRQ;;DQGELH[FLWRQ;;
7KHLQWHQVLW\RIWKHVHTXDQWXPGRWVIRUZHOOFRXSOHG4'FDYLW\V\VWHPVLVTXLWHEULJKWZLWK
DSSUR[LPDWHO\ a  ±  ; LPSURYHPHQW FRPSDUHG WR LQGLYLGXDO OLQHV DGGUHVVHG LQ D EDUH
QDQRSLOODUDVVKRZQLQ)LJD'XHWRWKHLQDELOLW\WRLVRODWHVLQJOH4'H[FLWRQOLQHVLQEXON
DWWKHJURZWKGHQVLWLHVXVHGLQWKLVH[SHULPHQWZHSHUIRUPWKHUHIHUHQFHPHDVXUHPHQWRQD
EDUHSLOODURIUDGLXVaQPVXFKWKDWDVLQJOHH[FLWRQOLQHFDQEHLVRODWHGZLWKRXWDIIHFWLQJ
WKHSKRWRQLFGHQVLW\RI VWDWHV ,Q VRPHRI WKHQDQRPHWDOOLF FDYLW\GHYLFHV QRWXVHG IRU WKH
SUHVHQWHGH[SHULPHQWVVLJQLILFDQWEURDGHQLQJRIDOOWUDQVLWLRQVVXJJHVWVWKDWWKHTXDQWXPGRWV
ZHUHORFDWHGLQFORVHSUR[LPLW\WRWKH*D$V$JLQWHUIDFH
:LWK WKH QXPHULFDO DSHUWXUH 1$ a  OHQV XVHG LQ RXU H[SHULPHQWDO VHWXS )'7'
VLPXODWLRQVLQGLFDWHWKDWWKHOHQVFROOHFWVKFROFaRIWKHSKRWRQVFRXSOHGWRWKHQDQRFDYLW\
PRGHDVVXPLQJQHJOLJLEOHORVVGXHWRPHWDODEVRUSWLRQRISKRWRQVHPLWWHGE\WKHFDYLW\PRGH
)RUDEDUHQDQRSLOODUZLWKWKHVL]HXVHGLQWKHUHIHUHQFHPHDVXUHPHQWVWKHVDPHOHQVFROOHFWV
KFROS a  RI SKRWRQV %H\RQG WKLV LPSURYHPHQW LQ FROOHFWLRQ HIILFLHQF\ DQ\ IXUWKHU
HQKDQFHPHQW SURYLGHG E\ WKH QDQRPHWDOOLF FDYLW\ UHODWLYH WR D EDUH SLOODU LV VXEVHTXHQWO\
HYDOXDWHGDVD3XUFHOOHIIHFW:HQRWHWKDW)'7'VLPXODWLRQVVKRZERWKWKHFDYLW\DQGDEDUH
SLOODU H[KLELW LPSURYHPHQWV RYHU WKH FROOHFWLRQ HIILFLHQF\KFROE a  RI D 4' GLSROH LQ
XQSURFHVVHGEXONPDWHULDO
$IWHUGHPRQVWUDWLQJWKDWZHPD\RSWLFDOO\LVRODWHDVLQJOHH[FLWRQOLQHLQWKHFDYLW\ZH
QRZFKDUDFWHUL]HLWVSURSHUWLHVDVDVLQJOHSKRWRQVRXUFH7RGRVRZHPHDVXUHWKHQXPEHURI
VLQJOHSKRWRQFRXQWVGHWHFWHGSHUVHFRQG&36DVDIXQFWLRQRILQFLGHQWRSWLFDOSXPSSRZHU
3PHDVXUHGEHIRUHWKHREMHFWLYHOHQVXQGHUTXDVLUHVRQDQWSXOVHGH[FLWDWLRQDQGSUHVHQWWKLV
GDWDLQ)LJE:HSHUIRUPSXOVHGH[FLWDWLRQZLWKDQ0+]UHSHWLWLRQUDWH$VLVH[SHFWHG
IRUDWZROHYHOV\VWHPZHREVHUYHWKDWWKHQXPEHURIVLQJOHSKRWRQFRXQWVLQFUHDVHVOLQHDUO\
DWORZSXPSSRZHUDQGVDWXUDWHVDWKLJKSRZHUV>@)LWWLQJSKRWRQFRXQWVGDWDWRDVDWXUDWLRQ
PRGHO ZLWK WKH IRUP        SATP PSAT BG LINCPS CPS CPS P CPS e JLYHV
            uBG LIN SATCPS CPS CPS P nW nW 7KHFRQVWDQWEDFNJURXQG
FRPHVIURPGHWHFWRUGDUNFRXQWVZKLOHOLQHDUEDFNJURXQGLVGXHSULPDULO\WROHDNDJHIURPWKH
SXPSODVHU&RQVLGHULQJWKDWZHXWLOL]HSXOVHGH[FLWDWLRQZLWKUHSHWLWLRQSHULRGPXFKORQJHU
WKDQ WKHH[FLWRQLF OLIHWLPH WKHVDWXUDWLRQSRZHU LVQRWGHSHQGHQWRQ WKHPRGLILHGH[FLWRQLF
OLIHWLPH+RZHYHUWKHVLQJOHSKRWRQFRXQWVLQFRQWLQXRXVZDYHVDWXUDWLRQDUHWKDQNVWRVWURQJ
3XUFHOOHQKDQFHPHQWLQDGGLWLRQWRDQLPSURYHPHQWLQFROOHFWLRQHIILFLHQF\FRPLQJIURPWKH
VWUXFWXUHJHRPHWU\:HQRWHWKDWZLWKDGHWHFWRUHIILFLHQF\RIaDFROOHFWLRQHIILFLHQF\RI
DVHWXSWUDQVPLVVLYLW\RIaDQGaN&36FROOHFWHGDWVDWXUDWLRQIURPWKHRUWKRJRQDO
\SRODUL]HGFDYLW\PRGHGDWDQRWVKRZQWKHWRWDOFRXQWUDWHRIN&36UHPDLQVXQGHUWKH
WKHRUHWLFDO FRXQW UDWH RI N&36 IRU DQ 0+] UHSHWLWLRQ UDWH ODVHU :H DWWULEXWH WKH
UHPDLQLQJGLVFUHSDQF\ WRPHWDO DEVRUSWLRQRISKRWRQVHPLWWHG IURP WKHFDYLW\PRGHRQ WKH
RUGHURIaOHDGLQJWRDQRYHUDOOVRXUFHHIILFLHQF\Ka:LWKVXSHULRUPHWDOGHSRVLWLRQ
WHFKQLTXHVWKDWOHDGWRKLJKHUTXDOLW\ILOPVWKHVRXUFHHIILFLHQF\FDQDSSURDFKWKHWKHRUHWLFDO
HIILFLHQF\RI
,Q )LJ F PHDVXUHPHQW RI WKH LQWHQVLW\ DXWRFRUUHODWLRQ IXQFWLRQ
         I t T tg t IW W  ILOWHUHG RQ WKH QHXWUDO H[FLWRQ OLQH ;F IRU TXDVLUHVRQDQW
H[FLWDWLRQ LQ D +DQEXU\%URZQ DQG 7ZLVV +%7 H[SHULPHQW VKRZV VWURQJ DQWLEXQFKLQJ
 a 
cX
g IXUWKHUFRQILUPLQJWKHSUHVHQFHRIDVLQJOH4(FRXSOHGWRWKHFDYLW\PRGH7R
H[WUDFWWKLVQXPEHUDVZHOODVJIRUWKHQHDUHVWSHDNZHFRPSDUHWKHFRXQWVDWHDFKSHDNWR
WKHFRXQWVIRUDSHDNIDUIURPWKH]HURGHOD\SRLQWDVQHDUE\SHDNVH[SHULHQFHEXQFKLQJGXH
WR4'EOLQNLQJ>@:KLOHJLVTXLWHORZWKHYDOXHLVQRQ]HURGXHWRUHH[FLWDWLRQXQGHU
TXDVLUHVRQDQWH[FLWDWLRQRIWKHQHXWUDOH[FLWRQIURPRWKHUVWDWHVLQWKH4'FRPSOH[VXFKDV
WKHELH[FLWRQDQGFKDUJHGH[FLWRQ>@
:HFRQFOXGHZLWKDFKDUDFWHUL]DWLRQRIWKHG\QDPLFVRIVLQJOHSKRWRQJHQHUDWLRQE\WKH
QDQRF\OLQGHUFDYLW\)LUVWZHHVWDEOLVKWKHURXJKO\XQPRGLILHGVSRQWDQHRXVHPLVVLRQGHFD\
 BulkW  r QVYLDSXOVHGH[FLWDWLRQRIDQH[FLWRQLQDODUJHQRQPHWDOOL]HGQDQRSLOODU
GHYLFHDQGLPDJLQJRQDVWUHDNFDPHUDLQWKHLQVHWRI)LJG1H[WZHSHUIRUPHGWKHVDPH
PHDVXUHPHQWIRU WKHH[FLWRQFRXSOHGWRWKHPRGHRIRXUQDQRPHWDOOLFFDYLW\:HREVHUYHD
PRGLILHG4'OLIHWLPHRI  cW  r SVLQ)LJG-XVWLILHGE\WKHODUJHVLQJOHSKRWRQFRXQWV
REVHUYHGIURPWKLVGHYLFHZHDWWULEXWHWKHIXOOLQWHQVLW\GHFD\UDWHPRGLILFDWLRQWRWKHUDGLDWLYH
HIIHFWVDQGHVWLPDWH3XUFHOOIDFWRU)SFa±IRUDVLQJOHTXDQWXPGRW%HFDXVHWKHPHWDOOLF
ORVVHVRQO\DIIHFWWKHGDPSLQJRIWKHFDYLW\PRGHDQGQRWRIWKHHPLWWHULWVHOIEDVHGRQWKH
XQPRGLILHGHPLWWHUOLQHZLGWKLQDQDQRPHWDOOLFFDYLW\WKHFDOFXODWLRQRIWKH3XUFHOOIDFWRUFDQ
EHSHUIRUPHG LQ WKH VDPHZD\DV IRU D ORVV\GLHOHFWULF FDYLW\6XFKD3XUFHOO IDFWRUZRXOG
DOUHDG\UHGLUHFWQHDUO\DOORIWKH4'VSRQWDQHRXVHPLVVLRQLQWRWKHQDQRFDYLW\PRGHZLWKWKH
VSRQWDQHRXVHPLVVLRQFRXSOLQJIDFWRU 
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&RQFOXVLRQ
,QFRQFOXVLRQZHKDYHGHPRQVWUDWHGDQRYHODQGYHUVDWLOHOLJKWPDWWHULQWHUIDFHIRUVLQJOH4(V
IHDWXULQJDK\EULGPHWDOGLHOHFWULFQDQRFDYLW\.H\IHDWXUHVRIRXUSODWIRUPLQFOXGHYHU\VPDOO
PRGHYROXPHDVXUIDFHHPLWWLQJQDQRVFDOHF\OLQGULFDOJHRPHWU\DQGVWURQJDQGEURDGEDQG
VSRQWDQHRXV HPLVVLRQ UDWH PRGLILFDWLRQ YLD PHWDOOLF FRQILQHPHQW )XUWKHUPRUH ZH
GHPRQVWUDWHGDPHWKRGIRUFRQIRUPDOPHWDOGHSRVLWLRQHYHQIRUVWUXFWXUHVWKDWUHTXLUHDEDUH
WRS IRU VXUIDFH HPLVVLRQ WKDW KDV EURDG DSSOLFDELOLW\ WR YDULRXVGHVLJQV ,Q WKH IXWXUH HYHQ
VPDOOHUPRGHYROXPHVFDQEHDFKLHYHGXVLQJFRD[LDOVWUXFWXUHVWKDWZRXOGHTXDOO\EHQHILWIURP
WKHIDEULFDWLRQLPSURYHPHQWVGHPRQVWUDWHGKHUH)LQDOO\WKLVOLJKWPDWWHULQWHUIDFHFDQDOVREH
LPSOHPHQWHGLQHPHUJLQJURRPWHPSHUDWXUHTXDQWXPV\VWHPVVXFKDVGLDPRQG>@DQGVLOLFRQ
FDUELGH>@:LWKVXIILFLHQW4(GHQVLW\LQVXFKV\VWHPVWKLVQDQRFDYLW\FDQEHDFDQGLGDWHIRU
URRPWHPSHUDWXUHVWURQJFRXSOLQJEHWZHHQDQXOWUDVPDOOPRGHYROXPHFDYLW\DQGDVROLGVWDWH
4(
)XQGLQJ
86 $LU )RUFH RI 6FLHQWLILF 5HVHDUFK 0XOWLGLVFLSOLQDU\ 8QLYHUVLW\ 5HVHDUFK ,QLWLDWLYH
$)265085,RQ4XDQWXP0HWDSKRWRQLFVDQG0HWDPDWHULDOV)$
$FNQRZOHGJHPHQWV
<$.DFNQRZOHGJHVVXSSRUW IURPWKH'HSDUWPHQWRI'HIHQVH'R' WKURXJKWKH1DWLRQDO
'HIHQVH6FLHQFH	(QJLQHHULQJ*UDGXDWH)HOORZVKLS1'6(*3URJUDPDQGIURPWKH$UWDQG
0DU\ )RQJ 6WDQIRUG *UDGXDWH )HOORZVKLS 6*) .$) DFNQRZOHGJH VXSSRUW WKURXJK WKH
1'6(* DQG /X 6*) 70% DFNQRZOHGJHV VXSSRUW WKURXJK WKH 1DQRVFDOH DQG 4XDQWXP
6FLHQFH DQG (QJLQHHULQJ 3RVWGRFWRUDO )HOORZVKLS DW 6WDQIRUG :H DUH JUDWHIXO WR 3URI -LP
+DUULV6WDQIRUG8QLYHUVLW\IRUXVHRIKLV0%(IDFLOLWLHV$OVRZHDFNQRZOHGJH5LFK7LEHULR
&OLII .QROOHQEHUJ DQG 7RP &DUYHU ZLWK WKH 6WDQIRUG 1DQR 6KDUHG )DFLOLWLHV 616) IRU
DVVLVWDQFHLQIDEULFDWLQJVDPSOHV
